Abstract Preserved immune cell function has been reported in mice that achieve extreme longevity. Since cytokines are major modulators of immune responses, we aimed to determine the levels of 21 cytokines secreted ex vivo by peritoneal leukocytes cultured under basal-and mitogen-(conconavalin A (ConA) and LPS) stimulated conditions in middle-aged (44± 4 weeks), old (69±4 weeks), very old (92±4 weeks), and extreme long-lived (125±4 weeks) ICR (CD1) female mice. The secretion of cytokines was measured by multiplex luminometry. Increased basal levels of proinflammatory IL-1β, IL-6, IL-12 (p70), IFN-γ, and TNF-α were seen in the old and very old animals, accompanied by decreased IL-10. In contrast, the extreme long-lived mice maintained the overall cytokine profile of middle-aged mice, though the basal secretion of IL-2, IL-9, IL-10, IL-13, and IL-12 (p40) was raised. Under LPS-and/or ConAstimulated conditions, leukocytes from old and very old animals showed a significantly impaired response with respect to secretion of Th1 cytokines IL-3, IL12p70, IFN-γ, and TNF-α; Th2 cytokines IL-6, IL-4, IL-10, and IL-13; and the regulatory cytokines IL-2, IL-5, and IL-17. Extreme long-lived mice preserved the middle-aged-like cytokine profile, with the most striking effect seen for the IL-2 response to ConA, which was minimal in the old and very old mice but increased with respect to the middle-aged level in extreme long-lived mice. Chemokine responses in regard to KC, MCP-1, MIP1β, and RANTES were more variable, though similar secretion of LPS-induced KC and MCP-1 and ConA-induced MCP-1, MIP-1β, and RANTES was found in long-lived and middle-aged mice. Thus, extreme long-lived animals showed only a minimal inflammatory profile, much lower than the old and very old groups and also lower than the middleaged, which is likely mediated by the increase of antiinflammatory cytokines such as IL-10. This was coupled to a robust response to immune stimuli across an appropriated Th1/Th2 and regulatory cytokine secretion, which seems to be a factor contributing to the preserved immune response reported in very longlived animals and thus to their extended longevity.
cence) are evidenced by the higher incidence and severity of infections and the increased susceptibility to cancer among aged subjects (Miller 1996; Castle 2000) . Indeed, several age-related changes in immune functions have been shown to correlate with increased mortality (Wayne et al. 1990 ), such as low lymphoproliferative response to mitogens and NK cytotoxicity, defining the immune risk phenotype in man (Wikby et al. 2005 ; De la Rosa et al. 2006) . These age-related changes reported in human peripheral blood leukocytes have also been found in mouse peritoneal immune cells and related to higher morbidity and mortality in aged animals (Guayerbas and De la Fuente 2003; De la Fuente and Miquel 2009 ). However, centenarians and exceptionally long-lived mice seem to exhibit a high degree of preservation of those immune functions, which may be essential to reach very advanced age in a healthy condition (Franceschi et al. 1995; Puerto et al. 2005; AlonsoFernández et al. 2008; De la Fuente and Miquel 2009) and suggests maintenance of adequate immune function with aging as a positive health and longevity marker (Wayne et al. 1990 ; De la Fuente and Miquel 2009).
Cytokines are major mediators of the complex interactions among immune cells, being responsible for development and resolution of immune responses. However, aging is characterized by a chronic low-grade inflammatory status, so-called "inflamm-aging" De Martinis et al. 2006) , suggesting a loss of homeostasis in cytokine networks with aging which contributes significantly to health loss in old age (Salvioli et al. 2006) . For instance, increased production of proinflammatory cytokines such as TNF-α in resting cells leading to elevations of its circulating levels is associated with frailty and morbidity in older adults, including dementia, functional disability, and high mortality risk (Mooradian et al. 1991; De Martinis et al. 2006) . High plasma IL-6 levels also correlate with greater disability, morbidity, and mortality in the elderly (Ferrucci et al. 1999) . Additionally, high levels of IL-6 and IL-1β are significantly associated with poor physical performance and muscle strength in older people (Cesari et al. 2004) , and IL-1β levels are predictors of high diastolic pressure in the elderly (Barbieri et al. 2003) and correlate with congestive heart failure and angina (Di Iorio et al. 2003) .
In contrast, when an immune stimulus such as LPS is added in vitro, it has been shown that human subjects who at age 85 years produce low ex vivo TNF-α levels have a more than twofold increased overall mortality risk compared to peers with a higher production (van den Biggelaar et al. 2004 ). Data on mice have shown that macrophages from old animals produce less TNF-α and IL-6 following LPS stimulation than the young (Renshaw et al. 2002; Boehmer et al. 2005) . Furthermore, skewing of CD4 T cell responses during infection from a Th1 (which activate macrophages and are responsible for cell-mediated immunity and phagocyte-dependent protective responses) towards a Th2 profile (which are responsible for strong antibody production, eosinophil activation, and inhibition of several macrophage functions) has been well established in old individuals (Lord et al. 2001) . Thus, coincident with the decreased age-related lymphoproliferative responsiveness to antigens or mitogens, decline of the T cell growth factor IL-2 has been described in both humans and mice (Guayerbas et al. 2002b; Pawelec et al. 2002) .
Importantly, studies on human centenarians have focused on only a few cytokine parameters, losing the overall picture of the cytokine network in those individuals and its relation to longevity. Moreover, research on long-lived mice has been very scarce in this regard to date. Thus, the aim of the present work was to study the ex vivo levels of a broad range of proinflammatory and anti-inflammatory cytokines, regulatory cytokines, and growth factors as well as chemokines (including Th1 and Th2 mediators) in both resting and stimulated peritoneal leukocytes, throughout the aging process, including extreme longlived mice. Our data show that for the majority of cytokines studied, both the basal and stimulated responses were disrupted in aged animals but maintained in those mice that had reached extreme old age. The data thus support the proposal that maintaining the cytokine network is a valid marker for attaining longevity.
Materials and methods

Animals
We used 38 female ICR/CD-1 mice purchased from Harlan Ibérica (Barcelona, Spain) of different ages, AGE (2010) 32:451-466 namely middle-aged (44±4 weeks, n=14), old (69± 4 weeks, n=7), very old (92±4 weeks, n=7), and extreme long-lived (125±4 weeks, n=10). The latter had achieved healthy aging and longevity since the average life span for females of the ICR/CD1 mice strain in our animal facility is 91.9± 5.6 weeks (Guayerbas et al. 2002a ). The mice were specifically pathogen free as tested by Harlan and according to the Federation of European Laboratory Science Associations recommendations. They were housed 6±1 per cage (polyurethane boxes) and maintained at a constant temperature (22±2°C) in sterile conditions inside an aseptic air negative-pressure environmental cabinet (Flufrance, Cachan, France), on a 12/12 h reversed light/dark cycle (lights on at 2000 hours). Mice were fed tap water and standard Sander Mus pellets (A04 diet from Panlab L.S., Barcelona, Spain) ad libitum. Diet was in accordance with the recommendations of the American Institute of Nutrition for laboratory animals. Mice were treated according to the guidelines of the European Community Council Directives (86/6091 EEC).
Collection of peritoneal leukocytes
The peritoneal compartment offers the potential to study unfractionated leukocytes, which better preserve the physiological environment surrounding the immune cells in vivo. This is a fundamental issue in studies aiming to reproduce immune cell responses ex vivo, including cytokine secretion, considering the observation that these responses may vary or be lost in purified isolates (Salvioli et al. 2006) . Peritoneal suspensions were collected between 0800 and 1000 hours to minimize circadian variations in the immune system, without sacrificing the animals which allowed monitoring the life spans of the mice. None of the middle-aged and only one animal from the old and very old age groups reached longevity (138 and 132 weeks, respectively). Thus, all the age groups used in the present work, with the exception of the exceptionally long-lived mice, were representative of normal aging and not of longevity. It should be noted that although peritoneal sampling is a low-invasive method to access the immune system in mice, it could be stressful for animals and might have had a negative impact on the mice life spans. However, none of the mice used in the present work died shortly after the study and the range of life spans reached did not differ significantly from that observed for other mice in the colony not exposed to peritoneal sampling.
Mice were held by the cervical skin, the abdomen was cleansed with 70% ethanol and 3 mL of sterile Hank's solution, previously tempered at 37°C, was injected intraperitoneally. After massaging the abdomen, 80% of the injected volume was recovered. Leukocytes from peritoneal suspensions were identified by their morphology and quantified, in Neubauer chambers using optical microscopy (40×) and flow cytometry. Briefly, aliquots of the cellular suspensions were washed at 400 g for 10 min, and adjusted to 3× 10 5 leukocytes/mL in PBS with BSA 1% (Sigma, St Louis, USA), which was used to reduce nonspecific binding. Cells were then centrifuged at 560 g for 10 min, supernatants were discarded, and 30 μL of single antibodies (CD11b, CALTAG Laboratories, Burlingame, USA; CD11c and CD19, BD Pharmingen, San Diego, USA) or 30 μL of a mixture of antibodies conjugated to different fluorochromes (CD3/CD4/CD8, BD Pharmingen) were added to each tube. Isotype control antibodies were also used to establish and substract nonspecific staining. PBS-BSA (30 μL) was added to blank tubes. Cells were incubated in the presence of the antibodies for 30 min at 4°C in the dark. Tubes were washed twice at 560 g for 5 min in PBS-BSA to remove excess antibody. Immunostaining was measured using a flow cytometer (FACSCalibur Flow Cytometer, Becton Dickinson, Franklin Lakes, USA) immediately after staining. Cells were gated according to their forward-and side-scatter characteristics. For CD11b and CD11c, only the high expression of the leukocyte differentiation antigen was taken as positive . Results were analyzed with Cell Quest Pro software (BD Biosciences, San Jose, USA) and expressed as percentage of CD11b (macrophages), CD11c (dendritic cells), CD19 (B lymphocytes), CD3CD4 (T helper), and CD3CD8 (T cytotoxic) cells with regard to the total number of cells present in the samples.
Cytokine measurement
A previously described method (Alvarado et al. 2006) was used with minor modifications. Cell suspensions were adjusted to 5×10 5 lymphocytes/mL in complete medium containing RPMI-1640 (PAA, Pasching, Austria), 10% fetal bovine serum (Gibco), and 1% gentamicin (PAA). Cell viability was checked by Trypan Blue (Sigma) exclusion and only suspensions with cell viability of 99% or higher were used. Briefly, 1×10 5 lymphocytes were cultured in 96-well plates in 200 µL complete medium alone or medium containing LPS (Escherichia coli, 055:B5, 1 µg/mL per well; Sigma) or concanavalin A (ConA, 1 µg/mL per well; Sigma) as control and stimulated cells, respectively. LPS is known to directly activate innate immune cells, such as macrophages which produce proinflammatory cytokines and several regulatory cytokines, chemokines and growth factors that promote inflammation, and adaptive immune B cells. The activation of T cells by LPS requires direct cell-to-cell contact with viable antigen presenting cells, mainly macrophages and dendritic cells in the peritoneum, which present the antigen to the CD4 T cells, causing them to differentiate into Th1 or Th2 cells, proliferate and produce Th1 or Th2 cytokines, respectively. ConA is a T cell mitogenic lectin. After 48 h of incubation at 37°C in a sterile and humidified atmosphere of 5% CO 2 , 100 µL of culture supernatants were collected for cytokine measurements. Supernatant samples were collected 48 h after stimulation with LPS or ConA, since we had previously observed that differences in lymphocyte proliferative responses between the mice in different age groups were seen within that time frame (De la Fuente and Miquel 2009). Thus, we were interested in studying the immediate cytokine environment surrounding immune cells that would be influencing the lymphoproliferative responses in the mice of different ages. Ex vivo levels of cytokines, including regulatory cytokines and growth factors (IL-2, IL-5, IL-9, IL-17, GM-CSF, VEGF), proinflammatory (IL1-α/IL-1β, IL-3, IL-6, IL-12 (p40)/IL-12 (p70), IFN-γ, TNF-α) and anti-inflammatory cytokines (IL-4, IL-10, IL-13), and chemokines (KC, MCP-1, MIP-1β, RANTES), were measured simultaneously by multiplex luminometry (Beadlyte mouse 21-plex cytokine detection system, Upstate, Millipore). From those, IL-1, IL-2, IL-3, IL-12, IL-17, IFN-γ, TNF-α, GM-CSF, and VEGF are Th1-related cytokines, whereas IL-4, IL-5, IL-6, IL-9, IL-10, and IL-13 are Th2 mediators.
Statistical analysis
The results were expressed as mean ± standard error. The normality of the samples and the homogeneity of variances were checked by the Kolmogorov-Smirnov and Levene analyses, respectively. Age-related differences were detected by ANOVA. The Tukey test with a level of significance set at p<0.05 was used for post hoc comparisons when variances were homogeneous, whereas its counterpart analysis, Games-Howell set at the same significance level, was used in case of unequal variances.
Results
Peritoneal leukocyte populations
Regarding peritoneal leukocyte populations, the most significant changes were found in old animals, which showed extremely low percentages of macrophages (CD11b) and dendritic cells (CD11c), with respect to the long-lived mice (Table 1, p<0.05). In contrast, although not statistically significant, the long-lived animals showed a trend towards increased percentages of both innate immune cell types when compared to the middle-aged group (Table 1) . No significant age-related differences were observed in regard to the composition of the lymphocyte populations CD19, CD3CD4, and CD3CD8 in the peritoneal sample (data not shown).
Proinflammatory cytokine levels
Ex vivo levels of proinflammatory cytokines (IL-1 α/ β, IL-3, IL-6, IL-12 p40/p70, IFN-γ, TNF-α) in basal, LPS-, and ConA-stimulated peritoneal leukocyte culture supernatants from middle-aged, old, very old, and extreme long-lived animals are shown in Fig. 1 . In general, basal levels of proinflammatory cytokines seen in the extreme long-lived mice were close to the levels observed in the middle-aged animals, while significant increases were exhibited by old and very old animals. In particular, old and very old mice showed increased levels of IL-1β (Fig. 1b, p<0 .001) and TNF-α ( Fig. 1h ; p<0.05 and p<0.001, respectively) compared to the middle-aged mice. The old mice also had raised levels of IL-6 (Fig. 1d, p<0 .001) and the very old animals showed higher basal IL-3 ( Fig. 1c ; p<0.01) and IFN-γ levels ( Fig. 1g ; p<0.05). In contrast, values for IFN-γ, TNF-α, IL-1β, IL-3, and IL-6 did not differ significantly between middle-aged and extreme long-lived mice g, h) . Moreover, though basal IL-12 p40 subunit concentration (Fig. 1e ) was found to be moderately increased in extreme long-lived mice as compared to the middle-aged (p<0.05), levels of the active IL-12 p70 heterodimer ( Fig. 1f) were similar for both age groups but were higher in the old animals ( Fig. 1f ; p<0.05). Thus the phenomenon of increased proinflammatory cytokine production in resting leukocytes with age, termed "inflamm-aging," was not seen in those animals that attained extreme old age.
In LPS-stimulated samples, the old and very old animals had higher values of IL-1β ( Fig. 1b) with respect to the middle-aged mice (p<0.05), and the very old animals also exhibited higher IL-1α ( Fig. 1a; p<0.01), but both age groups showed decreased production of IL-6 ( Fig. 1d; p<0 .01). Moreover, LPS-stimulated IFN-γ (Fig. 1g ) and TNF-α (Fig. 1h ) levels were also significantly lower in old compared to middle-aged animals (p<0.01 and p< 0.001, respectively). No differences were observed for LPS-stimulated production of IL-3 and IL-12 p70 between any age group (Fig. 1c, f) , though extreme long-lived mice showed higher IL-12 p40 than the middle-aged mice (p<0.05; Fig.1e) . Therefore, the response of leukocytes to an immune stimulus was decreased in the old and very old animals, with the exception of IL-1 production, but was preserved in the extreme long-lived mice (Fig. 1a-d, f-h) .
A similar pattern of cytokine responses was seen for ConA-stimulated leukocytes with only minor differences. IL-1α (Fig. 1a) was found to be lower in old animals when compared to the middle-aged group (p<0.05), but was increased in the very old group (p<0.05), which also showed increased IL-1β ( Fig. 1b; p<0 .05). IL-3 (p<0.01), IL-6, IL-12 p70 (p<0.05), IFN-γ, and TNF-α (p<0.01) levels were all lower in old animals when compared to the middleaged (Fig. 1c, d , f-h), but only ConA-stimulated IL-3 values were decreased in very old mice ( Fig. 1c ; p< 0.05). Extreme long-lived animals showed similar levels to the middle-aged mice for all proinflammatory cytokines measured under ConA-stimulated conditions, with the exception of higher values for IL-12 p40 (p<0.01).
Anti-inflammatory cytokine levels
In general, extreme long-lived animals showed levels of anti-inflammatory cytokines more similar to the middleaged than old and very old mice, which exhibited lower values (Fig. 2) . Interestingly, in basal conditions, IL-10 levels ( Fig. 2b) were lower in old mice as compared to the middle-aged (p<0.001) and extreme long-lived animals showed increased levels of this antiinflammatory cytokine compared to the middle-aged group (p<0.05). However, resting levels of IL-13 (Fig. 2c) were higher in both old (p<0.01) and extreme long-lived animals (p<0.001) compared to the middleaged mice. No differences were found for IL-4 (Fig. 2a) .
IL-4 and IL-10 responses to LPS (Fig. 2a, b) were seen in all mice but were lower in old animals as compared to the middle-aged (p<0.001 and p<0.05, respectively). However, IL-4 and IL-10 responses were maintained in the extreme long-lived animals in comparison to the middle-aged mice, whereas LPSinduced IL-13 levels were higher in extreme longlived mice (p<0.001; Fig. 2c ).
ConA-induced levels of IL-10 ( Fig. 2b) were also diminished in the old group (p<0.001), whereas IL-13 was lower in old (p<0.01) and very old (p<0.05) animals with respect to the middle-aged. Again, IL-4 and IL-10 responses to ConA were preserved in the extreme long-lived as compared to the middle-aged, whereas IL-13 levels were higher (p<0.05; Fig. 2c ).
Regulatory cytokine and growth factor levels Figure 3 shows the striking impairment of ConAstimulated IL-2 levels seen in old and very old long-lived female mice. Each column represents the mean ± standard error of 7-14 values, and each value is the mean of duplicate assays. ***p<0.001, **p<0.01, and *p<0.05 with respect to the value in middle-aged animals animals (p<0.001) compared to the middle-aged, which was not seen in the extreme long-lived mice who actually showed increased values for IL-2 production in both ConA-stimulated (p<0.05) and resting conditions (p<0.01; Fig. 3a) . Very old animals also showed decreased levels of IL-5 in basal (p< 0.001) and ConA-stimulated conditions (p<0.05), whereas these levels were preserved in the extreme long-lived mice (Fig. 3b) . Conversely, extreme longlived animals showed increased levels of IL-9 (p< 0.01) in resting cultures (Fig. 3c ) and increased GM-CSF following ConA stimulation (p<0.05; Fig.3e ). Some regulatory cytokines did not show any particular response pattern associated with attainment of longevity. Basal IL-17 was decreased in all the older groups (p<0.001 for very old; p<0.01 for old and extreme long-lived), whereas IL-17 levels in response to LPS were impaired only in the old group (p<0.05; Fig. 3d ). The LPS-stimulated VEGF response was increased only in very old animals (p<0.001; Fig. 3f ).
Chemokine levels
In general, chemokine values decreased with age, even in the extreme long-lived mice (Fig. 4) . The most remarkable chemokine-related changes seen with the aging process in resting cultures included diminished levels of KC and MIP-1β for both very old (p<0.001 and p<0.05, respectively) and extreme long-lived mice (p<0.001 and p<0.05, respectively; Fig. 4a, c) . In response to LPS, all the older groups showed impaired levels of MIP-1β (p<0.001) and RANTES (p<0.001 for old and very old; p<0.01 for extreme long-lived), as compared to the middle-aged animals ( Fig. 4c, d ). LPS-induced levels of KC were decreased in very old animals (p<0.001; Fig. 4a ), whereas old animals showed reduced levels of MCP-1 (p<0.05; Fig. 4b ). In contrast, LPS-stimulated levels of these chemokines were found to be preserved in extreme long-lived animals. All the older groups showed lower levels of KC in response to ConA (p <0.05) as compared to the middle-aged mice (Fig. 4a) . ConA-induced levels of MCP-1 (Fig. 4b) were lower in old animals (p<0.05), whereas both old (p<0.01) and very old (p<0.05) mice showed reduced levels of MIP-1β (Fig. 4c) . ConA-stimulated levels of these chemokines were found to be preserved in extreme long-lived mice. Each column represents the mean ± standard error of 7-14 values, and each value is the mean of duplicate assays. ***p<0.001, **p<0.01, and *p<0.05 with respect to the value in middle-aged animals Table 2 summarizes the most significant changes in the cytokine network found in the older groups as compared to middle-aged animals under (a) basal, (b) LPS-, or (c) ConA-stimulated conditions. Discussion This is the first study which analyses the changes ex vivo in the levels of a whole panel of leukocytederived immune mediators both in normal aging and extreme longevity as well as under resting and stimulated conditions. It is well known that immune cells communicate with each other through these soluble mediators and that the complex network of cytokine interactions is crucial for the functioning of the immune system and its fine tuning. However, to date most studies of immune senescence have been focused on isolated subsets of immune cell types and a limited range of soluble mediators (Salvioli et al. 
↑↑↑ p<0.001, ↑↑ p<0.01, ↑ p<0.05 increase, and ↓↓↓ p<0.001, ↓↓ p<0.01, ↓ p<0.05 decrese, with respect to the value in middle-aged animals 2006). The data described here are thus of special relevance since this study was performed using unfractionated peritoneal leukocytes in order to better reproduce the in vivo cytokine response. The results obtained confirm published data in humans and rodents showing chronic low-grade inflammation in old age De Martinis et al. 2006; Salvioli et al. 2006; De la Fuente and Miquel 2009) and extend these data by revealing that a broad range of cytokines are affected, such as IL-1β, IL-3, IL-6, IL-12 (p70), IFN-γ, and TNF-α, and that there was also a concomitant age-related decrease in IL-10. Conversely, extreme long-lived mice in general showed a preservation of the middle-aged-like cytokine profile under resting conditions, and if anything, the secretion of certain cytokines was raised in these animals, notably antiinflammatory mediators such as IL-10. TNF-α and related cytokines determine the strength, effectiveness, and duration of inflammation, whereas IL-10 and other anti-inflammatory cytokines have the opposite role, limiting and terminating the process (Lio et al. 2003) . Thus, the high basal levels of antiinflammatory mediators in the extreme long-lived mice could have direct beneficial effects for life-span, with high proinflammatory cytokines by contrast shortening life span. In humans, high circulating levels of TNF-α are known to be associated with increased morbidity and mortality in the elderly (Mooradian et al. 1991; De Martinis et al. 2006 ) and gene polymorphisms determining increased production of anti-inflammatory cytokines or decreased production of proinflammatory cytokines have been found to be associated with successful aging and longevity (Lio et al. 2002; Cederholm et al. 2007 ). In particular, the polymorphism of the IL-10 promoter associated with high levels of IL-10 is a specific marker of longevity in centenarians (Lio et al. 2002) . Our results support this key role for raised IL-10, among all mediators measured in the present work, in controlling chronic inflammation and in longevity achievement in mice.
Profound alterations in cytokine production were also seen in peritoneal leukocytes under LPS and ConA-stimulated conditions in the old and very old mice. Upon LPS stimulation, we found a reduced secretion of proinflammatory cytokines (IFN-γ, TNF-α, IL-6) as well as anti-inflammatory Th2 cytokines (IL-4, IL-10) and regulatory cytokines such as IL-17, which could contribute to the impaired immune responses described in both aged humans and rodents (Wikby et al. 2005; De la Rosa et al. 2006; De la Fuente and Miquel 2009 ). Thus, it seems that the chronic low-grade inflammatory state shown by resting leukocytes from old animals in the present work is contrasted by a defective inflammatory response upon stimulation that will ultimately limit the ability of these animals to deal with infection.
Congruent with this idea, 85-year-old humans who produce low ex vivo levels of LPS-induced pro-and/ or anti-inflammatory cytokines, such as IL-6, TNF-α, and IL-10, have a more than twofold elevated mortality risk, compared to their age-matched counterparts with a higher cytokine production (van den Biggelaar et al. 2004 ). Other authors have also reported that macrophages from old rodents produce less TNF-α and IL-6 following LPS stimulation than macrophages from young mice (Renshaw et al. 2002; Boehmer et al. 2005; Chelvarajan et al. 2006) . A reduced capacity to produce IFN-γ in the elderly has been demonstrated by Ouyang et al. (2002) in vitro on stimulation with bacterial products (LPS) or viral antigens (influenza vaccine), and these data were reproduced in macrophages from aged mice by Chelvarajan et al. (2006) . All these changes were seen in the aged animals in the present study using whole peritoneal samples, but not in the extreme long-lived mice.
Although reduced LPS-induced IL-1 secretion has been reported in isolated macrophages from aged mice (Chelvarajan et al. 2006) , in this study, LPSinduced IL-1 levels stand out as an exception to the age-related suppression of proinflammatory responses from peritoneal leukocytes as they were increased in old or very old animals with respect to the middleaged mice. The elevated levels of IL-1α and IL-1β could be interpreted as an unsuccessful mechanism by which monocyte-macrophages attempt to activate the Th1 response against infection. Moreover, in very old animals, the increase in membrane IL-1α levels was coincident with elevated levels of VEGF, which is an autocrine activator for monocyte-macrophages (Ramos et al. 1998) . These results would support the recently suggested oxidation-inflammation theory of aging, which proposes macrophage over-activation and loss of homeostasis as a key factor accelerating aging of the immune system and thus of the organism (De la Fuente and Miquel 2009). This study is also the first in mice to show that low-resting inflammation seems to correlate with adequate inflammatory responses towards immune stimuli in extreme old age. The extreme long-lived animals exhibited well-conserved levels of LPSinduced proinflammatory cytokines, similar to the middle-aged profile, suggesting maintenance of homeostatic interactions between innate peritoneal cells including macrophages and dendritic cells to T cells. It is possible that the age-related changes in cytokine secretion could be explained in part by differences in the percentages of cell types present in the peritoneal sample. Although not statistically significant, we noted that long-lived mice showed higher relative amounts of macrophages and dendritic cells in their peritoneal samples as compared to old animals, in which we found dramatically low percentages of both innate immune cell types. A similar finding has been described for spleen macrophages from aged mice. These cells are less efficient at presenting antigens to T cells, and thus more macrophages are needed to effectively activate a T cell, but their numbers are decreased (Garg et al. 1996) . Thus, in the long-lived mice, the increase in innate immune cells could be interpreted as a critical homeostatic mechanism aimed at preserving innate immune responses and cytokinerelated production. Peritoneal sampling offers the potential to study immune cell responses ex vivo, with a high-grade preservation of their environment under physiological conditions. In contrast, from our results it is not possible to conclude whether the agerelated changes in the cytokine network are due to these age-related differences in cell populations and/ or due to individual cell aging. Future works aiming to elucidate the specific role played by the differences that we have shown in cell populations could be of special relevance. Moreover, to fully characterize the peritoneal compartment and its changes with aging, other major cell types from innate immunity, such as neutrophils and NK cells, should be considered; and these studies are now underway.
It is also important to note that several reports of age-related differences in in vivo responses to intravenous or intraperitoneal LPS injection, showed increased production of several cytokines, such as IL-1β, IL-6, TNF-α, and IL-10, in old compared to young animals (Tateda et al. 1996; Saito et al. 2003) . However, the majority of such studies are models of lethal endotoxic shock, in which animals die shortly after the injection of high LPS concentrations. Thus, the apparent discrepancies in results from in vivo studies and our ex vivo analysis are likely to result from dose differences. Furthermore, in aged animals, ex vivo unresponsiveness of immune cells to these lower levels of inflammatory stimulus is more likely to predict a poor response to the infection in vivo, while the over-activation of leukocytes seen in vivo to moderately high stimulus concentration would lead to excess of inflammation. Premature death would likely be the ultimate consequence of both. Hence, these discrepancies might not be contradictory and instead could show a dose-dependent pattern of dysregulated immune system with aging, which highly influences life span and merits the endeavor of future research.
Skewing of the cytokine response of T cells towards Th2 has also been extensively reported to be associated with aging (Lord et al. 2001) . In general, this has been observed upon stimulation of isolated T cells from aged subjects with T cell mitogens, such as ConA. Our data did not show a skewing towards Th2 when the peritoneal suspension was studied as a whole in the presence of ConA and instead the key factor associated with aging was an overall decline in Th1 and Th2-related cytokine responses (IL-2, IL-3, IL-12 (p70), IFN-γ, and TNF-α and IL-5, IL-6, IL-10, and IL-13, respectively) with IL-2 responses being severely restricted. This decline in the T cell growth factor IL-2 is a well-described observation in both aging humans and mice (Guayerbas et al. 2002b; Pawelec et al. 2002) . Low ConA-induced IL-3 levels with aging have previously been described on lymphocytes isolated from spleen (Cai et al. 1990 ), and our data confirm these findings in peritoneum. Taken together, these data would suggest that lymphocytes from old donors would be impaired in their capacity to stimulate antigen presenting cells to produce certain cytokines such as IL-12 p70, which could result in low cytokine release, including IL-1, by monocyte-macrophages. Indeed, our data and that of others in splenocytes have found decreased ConAstimulated levels of IL-12 p70 and IL-1 in old mice (Khansari and Gustad 1991; Park et al. 2008) . However, in the present results the very old mice showed increased IL-1α and IL-1β in response to this mitogen. This result suggests a complex remodeling of the immune system along with the aging process, resulting in multiphasic processes attempting to adapt to changes and recover homeostasis.
Of special relevance is the fact that long-lived rodents showed well-preserved ConA-induced levels of the whole panel of proinflammatory cytokines studied, demonstrating the preserved capacity of T cells to induce adequate immune responses. Although we found slightly higher ConA-stimulated levels of Th2-derived IL-13 in long-lived than in middle-aged animals, Th1-derived IL-2 was also increased whereas all the other Th1-and Th2-related mediators measured were similar for both, suggesting a wellconserved Th1/Th2 response in the long-lived. The phenotype of the CD4 T cell populations present in the peritoneum of aging mice including long-lived animals should be considered in future works. Moreover, the increase in the ConA-induced IL-2 levels found in the long-lived could be crucial for the preserved lymphoproliferative responsiveness to this mitogen reported in those animals and addressed as longevity biomarker (De la Fuente and Miquel 2009). Another sign of the high T cell competence in long-living specimens is observed in the elevated ConA-induced levels of GM-CSF. In this context, ConA-stimulated GM-CSF would be part of the inflammatory response elicited by T cells against pathogens, leading to a rapid increase in the number of macrophages, which could be crucial to deal with the infection through pathogen microorganism destruction by these cells.
The majority of rodent studies indicate an agerelated decline in the secretion of macrophage-derived proinflammatory chemokines upon stimulation with LPS (Renshaw et al. 2002; Chelvarajan et al. 2006) though controversial results have been obtained for isolated CD4 and CD8 T cells under stimulated conditions (Chen et al. 2003) . Our results show decreased levels of LPS-induced MIP-1β and RANTES and ConA-induced KC chemokines along with the aging process and also in long-lived animals. Thus, the contribution of chemokine responses to longevity achievement is less clear. However, similar secretion of LPS-induced KC and MCP-1 and ConAinduced MCP-1, MIP-1β, and RANTES was found in long-lived and middle-aged mice, whereas it was decreased in old mice. These could be key factors contributing to the well-preserved chemotactic function of peritoneal lymphocytes and macrophages from long-lived rodents as compared to middle-aged animals (Puerto et al. 2005 ; De la Fuente and Miquel 2009).
In summary, this work offers important information on the immediate cytokine environment surrounding peritoneal leukocytes coincident with preserved lymphoproliferative responses and correlated with the attainment of extreme old age (De la Fuente and Miquel 2009). Future time-course studies would certainly be of relevance to unveil the kinetics of the cytokine profile that we report. However, the overall picture shown here pinpoints substantial candidate mediators which should be considered in future works aiming to elucidate the primary mechanisms leading to preservation of the immune system in longevity, basal IL-10 and ConA-stimulated IL-2 stand out among them.
Thus, from our data it can be concluded that extreme long-lived mice showed a minimal basal inflammatory profile, much lower than younger-aged animals and also lower than the middle-aged, which is likely mediated by increased IL-10. This was coupled to a robust response to LPS and ConA stimulation across a broad range of cytokines. Maintenance of an appropriate cytokine profile under stimulated conditions thus seems to be a factor in the preserved immune response reported in longevity (Franceschi et al. 1995; Puerto et al. 2005; Alonso-Fernández et al. 2008 ) and thus for the achievement of such exceptional longevity in good health.
